Background. Septic shock remains an important cause of death and disability in children. Optimal care requires early recognition and treatment.
Septic shock is an important cause of death and long-term morbidity in US children [1] . The prevalence of pediatric septic shock has increased, but prior to programs for early recognition and treatment, mortality had remained unchanged [2] [3] [4] . Delay in treatment of shock and subsequent development of acute multiorgan failure increases risk of death [4] .
Early resuscitation of shock to mitigate or prevent progression of organ failure was demonstrated to decrease mortality in adults in 2001 [5] . Early recognition of shock followed by timely treatment of the underlying cause and rapid reversal of cardiovascular insufficiency using protocol-based care is now accepted as standard medical practice. These goals are the cornerstone of the Surviving Sepsis Campaign (SSC) [6] .
An important aspect of early goal directed therapy is the rapid administration of antibiotics. The SSC endorses administering antibiotics within 1 hour of shock recognition [6] . However, rapid antibiotic therapy is a nuanced factor because not all patients with septic shock have bacterial infections, and among those with treatable bacterial infections, the initial coverage may be inadequate. Delaying treatment with appropriate antibiotics is associated with increased mortality in adults [7] . Our children's hospital emergency department (ED) has an ongoing quality improvement program for early recognition and treatment of pediatric septic shock [8] . This program has been in place since 2007, and adherence to recommended interventions including rapid antibiotic administration has increased over time [8] . In the present study, we evaluate whether administration of empiric and appropriate antibiotics in the ED within 1 hour from identification of shock is associated with decreased development of new or progressive multiple organ dysfunction syndrome (NP-MODS) compared with those treated later. We also describe infectious etiologies in children presenting to our ED with septic shock as well as the choice and timing of empiric antibiotic therapy.
METHODS

Study Design and Setting
We evaluated the relationship between timing of antibiotic administration for treatment of septic shock and outcomes of children requiring admission to the pediatric intensive care unit (PICU). We retrospectively identified patients presenting to the ED with septic shock between 2008 and 2012, and we reviewed the hospital course and clinical outcomes. The study was conducted at Primary Children's Hospital (PCH), a tertiary care pediatric hospital with 40 000 ED visits per year and 2000 PICU admissions per year. The University of Utah Institutional Review Board approved the study and waived requirement for informed consent.
Participant Selection Criteria
Initial patient selection was from the PCH Pediatric Septic Shock Project Database, which was established with initiation of the PCH ED Septic Shock Guidelines in 2007. Patient records were flagged for initial review and possible inclusion in this database if they met any of the following broad criteria: (1) triage in the ED to "emergent" status, (2) lactate drawn during ED course, (3) PICU admission within 12 hours of presentation to ED, (4) repeat visits to the ED within 48 hours of initial visit, and (5) having a "rapid response" called on a patient within 12 hours of admission from the ED to an inpatient ward for management of sepsis. After initial screening, patients were retained in this database if their condition met the American College of Critical Care Medicine (ACCM)/Pediatric Advanced Life Support (PALS) definition of septic shock: known or suspected infection accompanied by temperature abnormalities, vital sign abnormalities based on PALS vital sign parameters for age, and physical exam consistent with deficit in end-organ perfusion [9] [10] [11] . The ACCM/PALS definition was used because of its usefulness in bedside diagnosis and treatment in real time [12] . We included subjects for the present study if they were ≤18 years of age and were admitted from the PCH ED directly to the PICU between January 2008 and December 2012.
Microbiology Definitions
Patients with a "primary bacterial" infection had a culture taken on the day of hospitalization (urine, blood, cerebral spinal fluid [CSF], other sterile body fluid, or a wound culture) that grew pathogenic bacteria. Bacteria were classified as pathogenic if determined to be the cause of septic shock based on review of clinician documentation. A "primary respiratory bacterial infection" required the following: a respiratory sample from either an endobronchial brush specimen, a tracheal aspirate, or a bronchial alveolar lavage that met Centers for Disease Control and Prevention criteria for a respiratory infection, and presence of an infiltrate on chest imaging [12] . Patients with "presumed primary bacterial" infections were defined as those with clinical documentation indicating a likely bacterial infection with a full treatment course of antibiotics but no positive culture. These included community-acquired pneumonia, aspiration pneumonia, intestinal and intra-abdominal infections, and life-threatening skin and soft tissue infection. Intra-abdominal infections include perforated bowel from any cause including appendicitis or necrotizing enterocolitis. Patients were determined to have a "primary viral" infection if bacterial cultures were negative and a viral respiratory panel or viral polymerase chain reaction (PCR) study was positive. Patients without an infectious source identified were classified as no source identified.
Exposures and Outcome
The principle exposure was receipt of empiric antibiotics ≤1 hour after recognition of septic shock in the ED, compared with later administration among all patients admitted to the PICU. Time to antibiotics was determined by time from triage in the ED to initial administration of medication. We additionally compared receipt of appropriate antibiotics in ≤1 hour among those with infections for which antibiotic therapy is recommended. These patients may have required additional or changed antibiotic therapy from the initial, empiric choice. Antibiotics were considered appropriate if the bacteria isolated were susceptible to the regimen given. For presumed bacterial infections, the antibiotics were considered appropriate when the spectrum of activity of the regimen was at least as broad as that recommended by the Infectious Disease Society of America clinical guidelines for bacterial pneumonia, skin and soft tissue infections, and intra-abdominal infections [14] [15] [16] .
The primary outcome was development of NP-MODS. Given the relatively low pediatric mortality rate, surrogate measures of disease severity are often used. Sepsis is associated with MODS, and NP-MODS has been used as a surrogate measure in this way [17] [18] [19] . New or progressive multiple system organ dysfunction syndrome was defined as the development of 2 or more organ dysfunctions during the hospitalization that were not present on the initial day of admission, or worsening of organ failures present on admission. Organ dysfunction present on hospital day 1 was presumed to be present on arrival. Assessment was based on cardiovascular, pulmonary, renal, neurologic, hematologic, and hepatic function, based on the patient's worst parameter during a specified time period (Supplementary Table 1 ) [18, 19] . Death was not part of NP-MODS assessment.
We assessed NP-MODS on days 1, 2, 5, 8, 12, 16, and 18 (or until hospital discharge, whichever was sooner). Data were abstracted from the Intermountain Enterprise Data Warehouse and by manual chart review. The ED course and compliance with the SSC recommendations was recorded [6] . Additional outcome measures including mortality, PICU and hospital length of stay, and hospital resource utilization were captured. All data were stored within the University of Utah Division of Pediatric Critical Care Data Coordinating Center secure server.
Statistical Analysis
Standard descriptive statistics were used to summarize patient characteristics. Groups were compared by exposure, using χ and odds of NP-MODS (primary outcome) as well as mortality (secondary outcome), adjusting for severity of illness with pediatric index of mortality 2 scores (PIM2). Findings were considered statistically significant if P value was <.05. The Bonferroni adjustment was used for restriction of significance when multiple pairwise comparisons were made between groups. All data were analyzed using SPSS (Chicago, Illinois) software, 19th version.
RESULTS
Three hundred twenty-one patients met study criteria, and select demographic and clinical features are presented in Table 1 . Bacterial infections were identified in 154 (48%) patients with septic shock. Presumed bacterial and viral infections accounted for 51 (16%) and 50 (16%) patients, respectively. The remaining 66 (21%) patients had no source of infection identified. Table 1 reports patient groups by infectious etiology. Those without an infectious pathogen identified were significantly more likely to have a complex chronic condition [20] compared with all other groups. Those with documented bacterial infections had significantly longer median hospital length of stay than those with presumed bacterial, viral, or no infection identified. New or progressive multiple system organ dysfunction syndrome was significantly more common in those with documented bacterial infections compared with children without a source of infection identified and those with viral infections.
The positive bacterial cultures were as follows: 72 blood, 25 urine, 12 CSF, 10 stool, and 8 sterile body fluid infections. The remaining infections were respiratory and soft tissue infections. A summary of the isolated organisms is in Supplementary  Table 2 . The most common bacterial species were streptococcal (n = 42), staphylococcal (n = 25), and Gram-negative species (n = 66), of which 19 patients had Escherichia coli infections. Among those with a viral infection, 47 had a respiratory illness with rhinovirus isolated in 36% (n = 17) and respiratory Greatest organ dysfunction on any PICU day syncytial virus isolated in 21% (n = 10). Two patients had enterovirus meningitis, and 1 had cytomegalovirus viremia. There were 4 children with bacterial diarrhea for which antibiotic treatment is not recommended. Of the patients with a bacterial infection for which antibiotic treatment is indicated, 145 (72%) of the bacterial pathogens were sensitive to ceftriaxone, which is the empiric antibiotic therapy recommended in the PCH ED septic shock guideline. Table 2 compares demographic and clinical features of patients who received empiric antibiotics in ≤1 hour (N = 153) to those treated later (N = 168). Those treated in ≤1 hour were more likely to receive initial resuscitation compliant with the SSC guidelines (61% vs 14%). They also had significantly greater risk of mortality estimated by PIM2 score, but neither mortality (7% vs 4%) nor development of NP-MODS (9% vs 12%) differed significantly from those treated after 1 hour. This nonsignificant relationship was also found among the subset of the cohort for whom antibiotic treatment is indicated, with mortality rates 11% vs 6% (relative risk [RR], 1.65; 95% confidence interval [CI], 0.65-4.18) and development of NP-MODS 15% vs 18% (RR, 0.81; 95% CI, 0.43-1.51), among those treated in ≤1 hour vs after 1 hour, respectively. Table 3 compares patients with bacterial infections for which antibiotic treatment is indicated who received early appropriate antibiotics in ≤1 hour (N = 67) to those treated after 1 hour (N = 134). This excludes patients with viral infections and no source of infection identified as well as those with bacterial infections for which treatment is not recommended (n = 4). Those receiving appropriate antibiotics in ≤1 hour were also more likely to receive initial resuscitation compliant with the SSC guidelines (69% vs 17%). They also had significantly greater risk of mortality estimated by PIM2 score and higher rates of mechanical ventilation. However, when adjusting for severity of illness using PIM2, neither mortality (10% vs 6%) nor development of NP-MODS (15% vs 15%) differed significantly between groups. Figure 1a compares development of NP-MODS in the ICU by hours elapsed to empiric antibiotic treatment among all patients (including patients with viral infections and no source identified). Almost half (n = 153) of patients received empiric antibiotics within 1 hour, 118 (37%) between 1 and 2 hours, 26 (8%) between 2 and 3 hours, 10 (3%) between hours 3 and 4, and 14 (4%) in greater than 4 hours. In total, 93% of patients received antibiotics within 3 hours of presentation. When comparing hourly interval to empiric antibiotics, there were no significant differences in development of NP-MODS. Figure 1b compares development of NP-MODS by hours elapsed until appropriate antibiotic treatment among the subset of patients with infections for which treatment is recommended. Sixty-seven (33%) patients received appropriate antibiotics within 1 hour, 56 (28%) patients between 1 and 2 hours, 16 (8%) patients between 2 and 3 hours, 15 (7%) patients between hours 3 and 4, and 47 (23%) in greater than 4 hours. When comparing hourly interval to appropriate antibiotics, there were no significant differences in development of NP-MODS.
DISCUSSION
Almost two thirds of children with septic shock admitted to the PICU from the ED had a definite or presumed bacterial infection. Among all children, those receiving empiric antibiotics ≤1 hour were significantly more severely ill at presentation to the ED but did not differ with respect to NP-MODS or mortality Hospital length of stay 6.9 (3.0, 12.4) 4.7 (3.0, 9.6) .10 Death 10 (7) 7 (4) .34
Greatest organ dysfunction on any PICU day 1 (1, 2) 1 (1, 2) .04
NP-MODS 14 (9) 20 (12) .42 compared with those treated later. Among those with an infection treatable by antibiotics, children receiving appropriate antibiotics in ≤1 hour were also significantly more severely ill at presentation to the ED but did not have greater rates of NP-MODS or mortality compared with those treated later. Patients with bacterial infections had greater illness severity at presentation, were more likely to receive antibiotics in ≤1 hour and resuscitation in compliance with the SSC guidelines, and had significantly greater NP-MODS compared with children with viral infections or no infectious source identified. They also had significantly longer lengths of hospital stay. This is likely related to the pathophysiology of bacterial infections with greater activation of an inflammatory response [21, 22] . This is also consistent with other studies showing culture-positive bacterial infections associated with increased morbidity [23] .
Among those with bacterial infections as the etiology of septic shock, the majority (72%) of isolates were sensitive to empiric therapy. This is similar to a report by Weiss et al [24] who showed that the majority (78%) of pediatric septic shock patients treated in a single children's hospital also received appropriate initial antibiotic therapy.
We hypothesized that rapid administration (≤1 hour) of empiric antibiotics would be associated with decreased NP-MODS. We were surprised to find that although children treated in ≤1 hour presented more severely ill, they were more likely to receive SSC compliant care and had similar risk of NP-MODS and death compared with those treated later. Failure to demonstrate a benefit from timely empiric antibiotics may be due to increased error in measurement of patients likely to benefit from the exposure because only 62% had an infection for which antibiotics would be expected to improve the child's status.
We also tested whether rapid appropriate antibiotic administration was associated with decreased risk of NP-MODS. Again, we found that children treated in ≤1 hour were more severely ill at presentation to the ED compared with those with delayed antibiotics, but there were no statistical differences in development of NP-MODS or mortality by time of antibiotic administration or type of infection (presumed or culture positive bacterial infections). Our findings differ from the majority of reports involving adult patients, showing delay to appropriate antibiotic administration and increased mortality [23, [25] [26] [27] . The recent study by Weiss et al [24] of children with septic shock suggested improved mortality and patient outcomes if appropriate antibiotic therapy was delivered within 3 hours of shock recognition. We did not find a similar mortality benefit.
Our study has important differences compared with the report by Weiss et al [24] . The majority of our patients received antibiotics in ≤3 hours (93% vs 60%), and receipt of appropriate antibiotics in ≤1 hour was almost 3 times greater in our patients (33% vs 12%) [11] . Although both cohorts had similar rates of comorbid conditions and similar rates and infection types, the overall mortality (5% vs 12%, P = .08), support with mechanical ventilation (32% vs 62%, P < .001), receipt of vasoactive medications (31% vs 74%, P < .001), and ICU length of stay (2 vs 9 median days), were all greater in the previous report. However, we included only patients directly admitted to the PICU from the ED, used a slightly different definition of septic shock (ACCM/PALS [9] vs Goldstein et al [10] ), and our patients had lower risk of mortality measured by PIM2 scores on presentation to the ICU after treatment in the ED. Thus, our patients may have been less severely ill at recognition of shock, but they also likely benefitted from more rapid treatment, as evidenced by lack of disease progression toward NP-MODS and death. More importantly, because the majority of our patients received antibiotics in <3 hours, we had inadequate power to determine a difference at the 3-hour cutoff. Our study has several limitations. First, as a retrospective study evaluating appropriate antibiotic choices, we recognize that it is not always possible to predict the pathogen and appropriate antibiotic choice in real time. Second, because this is a single-center study, results may not be generalizable to other care settings. Third, there is a link between early receipt of antibiotics and the delivery of care consistent with the SSC guidelines, suggesting that clinical assessment of illness severity drives the intensity of care and is likely linked to subsequent development of NP-MODS and mortality. Larger, multicenter studies are needed to identify the ideal time goal for early appropriate antibiotic therapy that impacts pediatric patient outcomes.
CONCLUSIONS
More than half of children presenting to the ED with septic shock requiring intensive care had a definite or presumed bacterial infection, and the recommended empiric antibiotic treatment at our hospital was appropriate in 72% of cases. Those treated with appropriate antibiotics in ≤1 hour were more ill when presenting to the ED with greater PIM2 scores, but they were also more likely to receive rapid resuscitation compliant with SSC guidelines. Despite increased illness severity on presentation, patients treated in ≤1 hour did not have an increased disease progression as quantified by NP-MODS or death. Because the natural history of untreated septic shock is development of multiple organ failure and death, our findings support the premise that early recognition and treatment of shock, including administration of timely, appropriate antibiotics, remains pivotal.
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